Introduction
The Wilms tumor 1 gene, WT1, encodes a transcription factor involved in normal and malignant hematopoiesis.
1
WT1 was first recognized as a tumor suppressor when congenital malformation syndromes with predisposition to childhood kidney cancer were linked to WT1 germline mutations. 2 In acute leukemia, WT1 mutations have been reported in 10% of patients with acute myeloid leukemia (AML). However, mutations were also observed in selected cases of acute T-lymphoblastic leukemia (T-ALL), as well as undifferentiated/biphenotypic leukemia. 3 The mutations reported included frame shift mutations in exon 7, resulting in a truncated protein lacking the major DNA binding portion of the WT1 protein. 4 Most importantly, in intermediate risk AML with normal cytogenetics, WT1 mutations identified patients with an inferior outcome. 5, 6 Apart from WT1 mutations, overexpression of WT1 was found in AML patients and to a lower extent in acute lymphoblastic leukemia (ALL). 7 There are conflicting studies regarding the prognostic impact of WT1 expression levels in newly diagnosed AML. Some studies have associated high WT1 expression levels in pre-treatment leukemic samples with an inferior outcome, whereas other studies could not demonstrate the prognostic significance of WT1 expression levels in AML patients. [8] [9] [10] Only a few studies have so far evaluated the prognostic relevance of WT1 expression in ALL and have suggested an association between high expression and an inferior outcome. 11, 12 In normal hematopoiesis, expression of WT1 is mainly restricted to the progenitor compartment, whereas mature hematopoietic cells lack WT1 expression. Enforced expression of WT1 in CD34 positive hematopoietic precursors has been shown to induce growth arrest. 13, 14 The ability of WT1 to repress or activate gene transcription is dependent on WT1 levels, isoforms, cell type, and interaction of WT1 with other proteins. 15 Moreover, the complexity of its role in hematopoiesis may be explained by its differentiation dependent function, as it was shown that WT1 maintains primitive stem cells in a quiescence state, while it promotes differentiation of more mature progenitors. 16 So far, studies have mainly focused on AML and underscored the role of WT1 by exploring its aberrant expression and mutational status. Interestingly WT1 mutations were predominantly observed in immature AML subtypes, in biphenotypic acute leukemias, and overexpression of WT1 was correlated with a more undifferentiated phenotype. In a recent study by Tosello et al. mutations in the WT1 gene were found in a subset of adult as well as pediatric T-ALL patients. 17 Together these findings suggest that altered WT1 function might also be implicated in other leukemic subgroups and reflect transformation of a primitive hematopoietic cell of origin with retained multilineage potential. 3 We had previously shown that AML and T-ALL share molecular markers with prognostic significance that are indicative of an immature leukemic subtype. 18 Thus, we have examined the prognostic implications of WT1 mutations and expression levels in a large cohort of adult T-ALL within the German Multicenter ALL (GMALL) study group. As multiple genetic hits cooperate in different cellular pathways and are required for leukemic transformation, 19, 20 WT1 alterations were analyzed in the context of other genetic alterations.
Design and Methods

Patients and treatment
We studied a total of 252 consecutive adult patients with newly diagnosed T-ALL who were registered on the GMALL 06/99 and 07/03 protocols and had sufficient material available. 21, 22 The GMALL protocols included intensive chemotherapy as well as stem cell transplantation according to a risk-based model with indication for stem cell transplantation in first complete remission for early and mature T-ALL patients; patients with thymic T-ALL were allocated to a standard risk group and treated with intensive chemotherapy. All patients gave written informed consent to participate in the study according to the Declaration of Helsinki. The study was approved by the ethics board of the Goethe University Frankfurt/Main, Germany.
Molecular characterization
Pre-treatment bone marrow (BM) samples were centrally collected, enriched for the blast fraction by density-gradient centrifugation, and stored in liquid nitrogen. Immunophenotyping of fresh samples was centrally performed by flow cytometry in the GMALL reference laboratory at the Charité, Berlin, Germany. Immunophenotyping was carried out as previously described. 23 CD1a positive, cortical (III) stage T-ALL was referred as thymic T-ALL in the GMALL study group.
From pre-treatment bone marrow samples (n=252) sufficient genomic DNA (n=238) and RNA (n=223) were isolated using the Trizol reagent (Invitrogen, Karlsruhe, Germany). Specimens of the 238 patients were studied for WT1 mutations in exons 7 and 9 by DNA sequencing of amplified PCR products. 5 Mutations were confirmed by cloning the specific PCR products and sequencing up to 14 independent clones. Mutations in the NOTCH1 and the FBXW7 genes were determined by direct sequencing of PCR-amplified products. 24, 25 FLT3 mutations [internal tandem duplications (ITD) and mutations in the tyrosine kinase domain (TKD835)] were analyzed using the FLT3 mutation assay (InVivoScribe Technologies, San Diego, USA). The mRNA expression of HOX11, HOX11L2, BAALC, and ERG were determined by real-time RT-PCR. 18 Expression analysis of WT1 was performed in 223 samples by a comparative real-time RT-PCR assay using primers WT1F CAGGCCAGGATGTTTCCTAA and WT1R AATGAGTGGTTGGGGAACTG with a WT1-probe 5´FAM-CCGCTATTCGCAATCAGGGTTACA-TAMRA. Multiplex PCR was performed with beta-glucuronidase (GUS) as a housekeeping gene in duplicates. 26 PCR conditions were as follows: initial denaturation with 95°C for 10 min, annealing at 60°C and extension at 72°C. GUS and WT1 were coamplified using 2 mL cDNA, 1x master mix (IQ Mix, BioRad, Munich, Germany). All reactions were carried out using the Rotor Gene Real-time PCR 3000 Machine (Corbett Research, Qiagen, Germany). The comparative cycle threshold (CT) method was used to determine the relative expression levels of WT1, and the cycle number difference (ΔCT=GUS-WT1) was calculated using the mean of ΔCT from the two replicates, that is m(ΔCT), and expressed as 2
m(ΔCT)
. In all samples, amplification of GUS reached the threshold within 30 cycles. For samples without detectable WT1 amplification within 60 cycles, WT1 expression values were set at 0. A calibrator (cDNA from the cell line KG1a) included in each run was used for standardization between runs. Positive and negative controls were included in all assays.
Statistical analyses
Comparisons of baseline clinical variables across groups were made using the χ2 Fisher's exact test for categorical data; the nonparametric Mann-Whitney U test was applied for quantitative variables. A P value ≤0.05 (two-sided) was considered to indicate a significant difference. Clinical follow-up data were available from 215 T-ALL patients with a median follow-up time of 20.5 months (range: 0.5 to 81.2 months). Complete remission was assessed after completion of induction chemotherapy. Overall survival and relapse-free survival were calculated using the Kaplan-Meier method and the logrank test was used to compare differences between survival curves. Overall survival was measured from the protocol on-study date until the date of death of any cause. Relapse-free survival was measured from time of complete remission date until the date of relapse. 18 For outcome analyses patients were censored at the time of stem cell transplantation.
Three WT1 expression groups were defined as follows: after categorizing WT1 expression levels into quintiles, a logistic regression analysis with relapse as the dependent and WT1 grouping as the independent variable was performed. In this model, T-ALL patients with the highest quintile (WT1 high, n=45; median expression: 0.04, range: 0.01-0.4) and patients with no detectable WT1 expression (WT1 negative, n=97) differentiated substantially with respect to relapse (i. e. the differences in regression coefficients had the magnitude of about two standard errors) compared to the remaining patients with intermediate WT1 expression levels (WT1 intermediate, n=81; median expression: 0.0001, range: 2¥10 -9 to 10 -2
). The followup time and censoring was equivalent between the three expression groups.
In order to identify independent prognostic factors and effect modifiers (i. e. interactions between different factors), Cox's proportional hazards models were constructed. The following covariates were included into the full model: BAALC expression (low versus high), ERG expression (low versus high), white blood count (WBC as continuous), age (< 35 versus > 35 years), immunophenotype (thymic versus early/mature). The impact of effect modifiers was verified by the inclusion of interaction terms into the multiple Cox's regression analyses. Stepwise forward and backward selections were performed. All calculations were performed using the SPSS software, version 17 (SPSS Inc., Chicago, IL, USA).
Results
WT1 mutations in adult T-ALL
WT1 mutations (WT1mut) were detectable in 20 (8%) of the 238 T-ALL patients. Mutations in exon 7 (WT1mut7) were identified in all 20, with 2 patients having coexisting mutations in exon 9 (WT1mut9). WT1mut7 were frameshift or nonsense mutations predicted to result in a truncated WT1 protein, whereas WT1mut9 were missense mutations leading to single amino-acid substitutions (Online Supplementary Table S1 ). WT1 wild-type amplicons were present in the majority of samples; thus it is likely that mutations were heterozygous, though the presence of residual normal cells or subpopulations of leukemic cell clones without WT1 mutations cannot be excluded. We focused on WT1 exons 7 and 9 as these regions have previously been recognized as mutational hot spots in AML. However, we cannot exclude that mutations in other regions also exsist.
4,17
Association of WT1 mutations with clinical and molecular characteristics
There was no significant difference between WT1mut and WT1 wild-type (WT1wt) patients with respect to clinical parameters at diagnosis such as WBC, age, sex, medi-
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haematologica | 2010; 95(6) The presence of coexisting gene mutations was further investigated. Similar to the mutation frequencies observed in WT1wt patients, WT1mut cases showed gene mutations in NOTCH1 (10/20, 50% of cases) and FBXW7 (2/20, 10% of cases). In addition, cases were also analyzed for FLT3 mutations, given a high frequency of FLT3 ITD mutations observed in WT1mut AML. 4, 6 Though FLT3 mutations are a rare event in T-ALL (found in up to only 3%), 27, 28 in WT1mut cases, we identified one T-ALL patient with coexistence of an FLT3 ITD (1/20) and 3 patients with FLT3 TKD mutations (3/20) . Thus 20% of WT1mut T-ALL harbored simultaneous FLT3 mutations (Online Supplementary  Figure S1 ). In contrast, only one WT1wt patient showed a FLT3 ITD (1/108 WT1wt cases) and 2 WT1wt patients had an FLT3 TKD mutation (2 /101 WT1wt cases).
WT1 mutations and outcome
No differences were observed in the complete remission rates between mutated and wild-type WT1 patients. We found no significant difference in the relapse-free survival between the WT1mut and WT1wt patients in the overall cohort ( Figure 1A) . However, within the standard risk group of thymic T-ALL, the small subgroup of WT1mut showed an inferior relapse-free survival as compared to WT1wt thymic patients (P=0.03; Figure 1B ).
WT1 mRNA expression in adult T-ALL
Expression levels of WT1 were analyzed in 223 patients. Three expression groups including WT1 negative (n=97), WT1 expression and mutation in T-ALL haematologica | 2010; 95 (6) 945 Figure 2A ). Moreover, in the multivariate analysis (Table  3) , WT1 expression was of independent prognostic significance (P=0.009). For T-ALL patients with high WT1 expression a Hazard Ratio of 4.0 and for patients lacking WT1 expression a Hazard Ratio of 1.6 were observed.
Prognostic relevance of WT1 mRNA expression in adult T-ALL subgroups
We next investigated the prognostic impact of WT1 expression in the standard risk group of thymic T-ALL. An unfavorable outcome was observed for patients with WT1 high (relapse-free at four years: 30.8%) or negative expression (relapse-free at four years: 59.6%) as compared to thymic T-ALL with intermediate WT1 expression (relapsefree at four years: 83.9%; overall P=0.003; Table 2; Figure  2B) .
Moreover, when patients with negative or high WT1 expression were combined to a WT1 high-risk group and compared to the favorable group of patients with intermediate WT1 expression (WT1 low-risk group), thymic T-ALL patients within the WT1 high-risk group showed an inferior overall survival (P=0.037; Figure 3A ).
In the GMALL protocols, early and mature T-ALLs are defined high risk and allocated to allogeneic stem cell transplantation in first complete remission. For these patients, WT1 expression was no longer of prognostic relevance as a similar outcome for WT1 low-risk and WT1 high-risk patients was observed (P=0.74; Figure 3B ).
Discussion
We present a study investigating genotype and expression alterations of WT1 in a large cohort of adult T-ALL. Overall, WT1 mutations were found in 8% of T-ALL patients at initial diagnosis and associated with a more immature T-ALL subtype; WT1 mutated patients showed a higher relapse rate. In addition, altered WT1 expression was of independent prognostic significance with negative or high WT1 expression levels predicting inferior outcome.
WT1 mutations have previously been reported in about 10% of AML patients with normal cytogenetics and were of adverse prognostic significance predicting inferior overall survival, relapse-free survival, as well as response to induction therapy. [3] [4] [5] [6] Interestingly, WT1 mutations were associated with high expression of the progenitor markers ERG and BAALC, which have been shown to share prognostic significance in AML and T-ALL. 5, 18 We, therefore, reasoned that WT1 mutations might also be of prognostic relevance in T-ALL. Frequency and localization were very similar to the reports in AML. WT1 mutations in exon 7 are expected to result in a truncated WT1 protein that acts in a dominant negative manner by impaired DNA binding and abolished protein interaction abilities. 2 Thus, WT1 may function as a tumor suppressor not only contributing to myeloid but may also be implicated in T-cell leukemogenesis as the repression of downstream targets is likely impaired in mutated WT1 leukemic cells. Moreover, the coexistence of gene mutations, 70% (14/20) of T-ALL patients with WT1 mutations revealed additional mutations in NOTCH1, FBXW7, or FLT3, suggests that loss of WT1 function may act in cooperation with other genetic hits likely affecting differentiation and proliferation.
Whereas WT1 mutations were not predictive for primary chemotherapy resistance in our T-ALL cohort, in contrast to the observation in AML, 6 WT1 mutated patients showed a higher relapse rate compared to WT1wt T-ALL patients and within the standard risk group of thymic T-ALL, WT1mut patients had an adverse relapsefree survival. These outcome analyses suggesting an adverse effect of WT1 mutations in T-ALL remain limited due to the small number of WT1 mutated cases. Interestingly, in a recent study by Tosello et al. WT1 mutations were found in a similar frequency of adult T-ALL patients (11.7%); however no significant prognostic impact was observed in the overall T-ALL cohort. 17 In addition to mutational events, alterations of WT1 expression (both under-and overexpression) have been described in various malignancies. In acute leukemia, WT1 expression levels have mainly been studied in AML with inconsistent results with respect to their prognostic impact at initial diagnosis. 15, 29 Studies investigating WT1 expression as marker of minimal residual disease have shown more consistency with rising WT1 expression predicting relapse. 30, 31 However, the prognostic impact of WT1 expression has not yet been determined in a larger cohort of adult T-ALL. T-ALL patients with high WT1 expression levels displayed a specific molecular signature as shown by an immature phenotype, aberrant CD13 expression, and positivity for BAALC and HOX11L2 (both markers associated with inferior outcome). 18, 31 As it was shown that enforced expression of WT1 in thymocytes blocked intrathymic differentiation, high expression of WT1 in T-ALL blasts may reflect the cellular origin of progenitors (e.g. early thymocyte progenitor) that physiologically express WT1 at high levels. 1, 32, 33 Importantly, WT1 expression remained of prognostic significance independently of the other factors including the immunophenotype. 34 Similar to data in pediatric ALL by Boublikova et al., we also observed that in addition to patients with high WT1 expression, patients with no WT1 expression showed an inferior outcome compared to patients with intermediate expression levels. 11 In particular, in the standard risk group of thymic T-ALL intermediate WT1 expression was associated with a relapse-free survival of over 80% at four years, whereas WT1 negative and WT1 high expressers did significantly worse (59.6% and 30.8%, respectively).
The identification of WT1 mutations acting in a dominant negative fashion as well as the ability of WT1 to induce growth inhibition and suppress tumorgenicity in mice has supported its role as tumor suppressor.
14, 15 We propose that in addition to its mutational inactivation, lack of WT1 expression may act in a similar manner in T-ALL. So far combined expression and mutation analyses of WT1 have not yet been performed, but gene expression analyses identified a subgroup of AML patients with very low WT1 expression and indicated that WT1 is specifically deregulated in subgroups of leukemia. 35 In fact, the WT1 negative expression group rarely showed WT1 mutations (only one T-ALL patient lacking WT1 expression harbored a WT1 mutation) suggesting that lack of mRNA might be sufficient for a pathophysiological impact and would not require additional mutational inactivation. Thus, lack of physiological WT1 function resulting in altered regulation of downstream targets might be implicated in leukemogenesis and may confer chemotherapy resistance similar to mutational inactivation of WT1.
On the other hand, an oncogenic role has also been sug-WT1 expression and mutation in T-ALL haematologica | 2010; 95(6) 947 gested by WT1 overexpression where enforced expression of WT1 in murine hematopoietic progenitors resulted in expansion of undifferentiated cells and the addition of a second genetic hit blocking differentiation-induced leukemic transformation. 36 In leukemia, high levels of WT1 expression may promote proliferation and protect cells from apoptosis as it was shown that WT1 overexpression is associated with chemotherapy resistance in vitro due to repression of the proapoptotic gene BAK and induction of BCL2. 37, 38 In T-ALL, these findings can be recapitulated as leukemic blasts with high level WT1 expression displaying an immature phenotype and patients with WT1 high expression showing a higher relapse rate and an inferior survival. The observation that WT1 mutated cases show frequent overexpression of WT1 (expression of the WT1 wild type as well as mutated allele) might be a result of its negative auto-regulation, which is impaired by the mutations affecting the DNA binding domain. 39 In summary, these data suggest that the transcriptional control of WT1 resembles Janus-like characteristics with abilities in repression as well as activation of different downstream pathways. Thus altered WT1 function, either by mutational inactivation or lack of mRNA expression, as well as aberrant overexpression might contribute in different ways. Though the precise alterations of WT1 downstream pathways in these scenarios will have to be explored in T-ALL, the prognostic implications already ask for validation. Until further studies confirm these findings, immunophenotyping remains at this point the most established factor used for risk adapted treatment stratification.
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